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ABSTRACT

We present new and archival Australia Telescope Compact Array and Atacama Large Millimeter/submillimeter Array data of
the Small Magellanic Cloud supernova remnant 1E 0102.2-7219 at 2100, 5500, 9000, and 108 000 MHz; as well as HT data
provided by the Australian Square Kilometre Array Pathfinder. The remnant shows a ring-like morphology with a mean radius
of 6.2 pc. The 5500 MHz image reveals a bridge-like structure, seen for the first time in a radio image. This structure is also
visible in both optical and X-ray images. In the 9000 MHz image, we detect a central feature that has a flux density of 4.3 mJy
but rule out a pulsar wind nebula origin, due to the lack of significant polarization towards the central feature with an upper
limit of 4 per cent. The mean fractional polarization for 1E0102.2-7219is 7 £ 1 and 12 &£ 2 per cent for 5500 and 9000 MHz,
respectively. The spectral index for the entire remnant is —0.61 & 0.01. We estimate the line-of-sight magnetic field strength in
the direction of 1E 0102.2-7219 of ~44 uG with an equipartition field of 65 &= 5 pG. This latter model uses the minimum energy
of the sum of the magnetic field and cosmic ray electrons only. We detect an HT cloud towards this remnant at the velocity range
of ~160-180kms~' and a cavity-like structure at the velocity of 163.7-167.6kms~!. We do not detect CO emission towards

1E0102.2-7219.

Key words: ISM: individual objects —ISM: supernova remnants —ISM: magnatic fields — Radio continuum: ISM.

1 INTRODUCTION

The Small Magellanic Cloud (SMC) is a gas-rich irregular dwarf
galaxy orbiting the Milky Way (MW) with a current star formation
rate of 0.021-0.05 Mg yr~! (For et al. 2018). As the second nearest
star-forming galaxy after the Large Magellanic Cloud (LMC), its
relatively small distance of ~60kpc (Hilditch, Howarth & Harries
2005; Graczyk et al. 2020) and low Galactic foreground absorption
(Nur ~ 6 x 10%° cm™2) enables supernova remnants (SNRs) to be
studied in great detail (Crawford et al. 2008). These remains of stellar
explosions are characterized by strong non-thermal radio-continuum
emission (e.g. Hurley-Walker et al. 2021; Bozzetto et al. 2023) whose
analysis provides a greater understanding of stellar evolution and the
distribution of heavy elements (e.g. Filipovi¢ & Tothill 2021).
1E0102.2-7219 (hereafter referred to as E0102) is a young
(1738 £ 175yr) core-collapse SMC SNR (van den Bergh 1988;
Banovetz et al. 2021), discovered via X-ray observations taken by
the Einstein Observatory (Seward & Mitchell 1981). At X-ray wave-
lengths, E0102 presents a bright, filled ring-like structure with an
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outer edge that traces the forward-moving blast wave (Stanimirovic¢
et al. 2005). The bright X-ray ring shows strong emission lines of O,
Ne and Mg, which are in the region between the reverse shock and the
contact discontinuity with the ISM, revealing significant substructure
(Gaetz et al. 2000; Sasaki et al. 2006). E0102 is thought to originate
from a core-collapse supernova scenario, given its ‘oxygen-rich’
nature observed in the optical band (Dopita, Tuohy & Mathewson
1981). Flanagan et al. (2004) calculated the oxygen mass in the ejecta
to be 6 M, using Chandra X-ray data, estimating a total progenitor
mass of 32 M. Progenitor mass estimates from ~40 M, using data
from the Chandra archive to greater than 50 M, using Hubble Space
Telescope (HST) data (Finkelstein et al. 2006) have been suggested.

Amy & Ball (1993) published the first radio study of E0102,
presenting two images using the Molonglo Observatory Synthesis
Telescope (MOST) at 843 MHz and the Australia Telescope Compact
Array (ATCA) at 4790 MHz. The ATCA image showed a ~40 arcsec
diameter ring-like source [resolution = 2.75 x 2.96 arcsec?, root-
mean-square (RMS) noise = ~75uly beam~'] and the authors
estimated a radio spectral index of —0.7.

Here, we present new high-resolution and high-sensitivity radio-
continuum observations of E0102 obtained from ATCA and the At-
acama Large Millimeter/submillimeter Array (ALMA). The general
flow of our study of E0102 is as follows. Section 2 is a description
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Table 1. Summary of SNR E0102 ATCA observations used in this study.

ATCA study of SMC SNR E0102 1445

Observing Project Array No. Bandwidth Frequency v Phase Flux Integrated time
Date Code Config. Channels (GHz) (MHz) Calibrator Calibrator (minutes)
04 Jan 2012 C2521 6A 2049 2.048 2100 PKS B0230-790 PKS B1934-638 1410.1

04 Jan 2015 CX310 6A 2049 2.048 55009 000 PKS B0230-790 PKS B1934-638 37.8

22 Dec 2017 CX403 6C 2049 2.048 55009 000 PKS B0230-790 PKS B0252-712 193.2

20 Jun 2019 C3293 6A 2049 2.048 55009 000 PKS B0230-790 PKS B1934-638 1194

04 Dec 2019 C3275 1.5C 2049 2.048 55009 000 J0047-7530 PKS B1934-638 46.2

21 Feb 2020 C3296 EW367 2049 2.048 55009 000 PKS B0230-790 PKS B1934-638 75.6

26 Feb 2021 C3403 6D 2040 2.048 55009 000 PKS B0530-727 PKS B1934-638 102.6

of radio observations, data acquisition and initial analysis from the
ATCA, Australian Square Kilometre Array Pathfinder (ASKAP),
Chandra, HST, Multi-Unit Spectroscopic Explorer (MUSE), and
ALMA telescopes. Next, Section 3 explores further analysis and
results including radio morphology, polarization, spectral index,
rotation measure, magnetic field, and HICO morphology. Section 4
is a discussion of the implications from our analysis, including the
environment of E0102 and a comparison with other young SNRs.
Final thoughts and conclusions are given in Section 5.

2 OBSERVATIONS

2.1 ATCA observations

Our new (2019-2021) and archival." ATCA observations are listed
in Table 1, including: observing date, project code, array con-
figuration, number of channels, bandwidth, frequency, phase and
flux calibrator used, and integrated time. All were carried out in
‘snap-shot’ mode, with 1-hour integrations over a 12-hour period
minimum, using the Compact Array Broadband Backend (CABB)
(2048 MHz bandwidth) centred at wavelengths of 3/6 cm? and 13 cm
(v = 2100 MHz). Total integration times were ~575 minutes and
~1410 minutes, respectively. Complementary array configurations
(Table 1) achieved good uv coverage, including long (6A, 6C, and
6D), mid (1.5C), and short (EW367) baselines, essential to imaging
the full extent of E0102. The result of using such configurations
is that our shortest baseline measured just 45.9 m’ (array EW367)
and the longest reaching 5938.8 m (array 6A). In contrast, Amy &
Ball (1993) only utilized five of the six antennas, with a minimum
baseline of 76.5 m and the longest at 2525.5 m—which significantly
affected the quality of the image given the limited uv coverage.

We used MIRIAD* (Sault, Teuben & Wright 1995), KARMA® (Gooch
1995), and DS9° (Joye & Mandel 2003) software packages for
reduction and analysis. All observations were calibrated using the
phase and flux calibrators as listed in Table 1 with one iteration of
phase-only self-calibration using the SELFCAL task. To best image
the diffuse emission emanating from the SNR, we experimented
with a range of various values for weighting and tapering. We found

! Australia Telescope Online Archive (ATOA), hosted by the Australia
Telescope National Facility (ATNF): https://atoa.atnf.csiro.au

2y = 4500-6500 and 800010000 MHz; centred at 5500 and 9000 MHz,
respectively

3see ATCA users guide, Appendix H: https://www.narrabri.atnf.csiro.au/
observing/users_guide/html/atug.html#ATCA- Array-Configurations for the
baselines of each array configuration
“http://www.atnf.csiro.au/computing/software/miriad/
Shttp://www.atnf.csiro.au/computing/software/karma/
Shttps://sites.google.com/cfa.harvard.edu/saoimageds9

Briggs weighting robust parameter of —2 (uniform weighting) the
most optimal choice. We add a Gaussian taper to further enhance the
diffuse emission (1 arcsec at 5500 MHz and 1.5 arcsec at 9000 MHz)
which resulted in a resolution of 2 x 2arcsec? for these images.
The MFCLEAN and RESTOR algorithms were used to deconvolve the
images, with primary beam correction applied using the LINMOS task.
To increase the S/N ratio for weak polarization emission, we follow
the same process with stokes Q and U parameters but with a beam
size of 5 x 5 arcsec? (see Section 3.3 for more details).

2.2 Hi observations

The HI data used in this study are from Pingel et al. (2022). These HI1
data (1420.4 MHz) were obtained using the ASKAP with an angular
resolution of 30 x 30 arcsec?, corresponding to a spatial resolution
of ~9 pc at the distance of the SMC. The typical noise fluctuations of
the HI data cube are ~1.1 K at a velocity resolution of 0.98 kms~!.

2.3 Chandra observations

We analysed archival X-ray data obtained using Chandra with the
Advanced CCD Imaging Spectrometer. We combined 142 individual
observations from August 1999 (ObsID: 138) to February 2021
(ObsID: 24579) using Chandra Interactive Analysis of Observations
(CIAO; Fruscione et al. 2006) software version 4.12 with CALDB
4.9.1 (Graessle et al. 2007). The data were reproduced using the
CHANDRA _REPRO procedure. Using the ‘merge_obs’ procedure in the
energy band of 0.5-7.0keV, we produced an exposure-corrected,
energy-filtered image. The total effective exposure time is ~1570ks.

2.4 HST observations

The [O 1] filter HST image of E0102 was downloaded from the
Mikulski Archive for Space Telescopes’. Information about these
HST observations and their data reduction are detailed in Blair et al.
(2000).

2.5 MUSE observations

The [Fe x1v] image of E0102 was created as a slice through the IFU
datacube from observations on 7 October 2016 using MUSE under
ESO program 297.D-5058 (PI: F. P. A. Vogt). All details regarding
these MUSE observations and their data reduction are found in Vogt
et al. (2017).

7https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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Figure 1. Images of SNR E0102 with 2100 MHz contours overlaid from 500 to 2500 pJy beam ™' at increments of 500 pJy beam™!. Left: ATCA intensity

image at 5500 MHz. Right: ATCA image at 9000 MHz. The white circles on the lower left corner in both images represent a synthesized beam of 2 x 2 arcsec”.

2.6 ALMA observations

We utilized archival data sets from both continuum and CO line
emissions obtained using ALMA. The 3 mm continuum observations
centred at 108 058 MHz were carried out using the 12-m array as a
cycle 6 project (PI: F. Vogt, #2018.1.01031.S). The correlator was
set with four spectral windows 1875 MHz wide, centred at 101125,
103000, 113125, and 115000 MHz. Observations consisted of two
executions with 48 and 45 antennas in a compact array configuration
with baselines ranging between 15.1 and 500.2 m which correspond
to maximum recoverable scales of ~16arcsec (following equa-
tion 7.7 in the ALMA Cycle 8 Technical Handbook®, Cortes et al.
2020). We used the products delivered by the pipeline processed with
the Common Astronomy Software Application (CASA; McMullin
et al. 2007) package version 5.4.0-70 and Pipeline version 42254
(Pipeline-CASA54-P1-B). Imaging incorporated a Briggs robust
value of 1.0. The ALMA radio continuum image covers a total
bandwidth of 7290 MHz and achieved an RMS of 31 um. The beam
size is 2.46 x 1.93 arcsec? with a position angle of 0273 correspond-
ing to a spatial resolution of ~0.6 pc at the distance of the SMC.
Additional observations with a more extended configuration were
available in the archive but since no continuum was detected at higher
resolution, they were not included. Spectral line emission '2CO (J
= 1-0), covered by one of the spectral windows in this data set, is not
detected.

Since spatial filtering may be significant (see Section 3.3 in the
ALMA Cycle 8 Technical Handbook of Cortes et al. 2020), the
line emission '>CO (J = 2-1) was obtained with the Atacama
Compact Array (ACA, ak.a. Morita Array) comprising the 7-m
ALMA antennas and 12 m total power array, carried out as a wide
field survey in Cycle 5/6 (PI: C. Agliozzo, #2017.A.00054.S). The
baselines ranging from 9 to 48 m result in maximum recoverable
scales of 27 arcsec. Additionally, this survey allows us to explore
a wider region, comparable to the HI data set (see Section 3.6).
The whole data set, beyond the region used in this study, has
been published by Tokuda et al. (2021). Details on data reduction,
imaging and combination between interferometric data and single-
dish observations can be found in Tokuda et al. (2021). The final
beam size is 6.87 x 6.56arcsec? with a position angle of 39209,

8https://almascience.nrao.edu/documents-and-tools/cycle8/alma-technical-
handbook

MNRAS 527, 1444-1460 (2024)

2

corresponding to a spatial resolution of ~2pc at the distance of
the SMC. The typical noise fluctuation is ~66 mK at the velocity
resolution of 0.5 kms™!.

3 ANALYSIS

3.1 Morphology

Our new ATCA images of E0102 clearly show a ring-like structure
with bright emissions in the north-west and north-east regions
(Fig. 1). A comparison between the high-resolution radio continuum
(ATCA) images of SNR E0102 at 5500 and 9000 MHz and other
wavelength images is presented in Fig. 2. The RMS noise for
5500 MHz and 9000 MHz images are ~30 and 48 pJybeam™!,
respectively. In this Section, we describe how we calculate the centre
and the radius of E0102, compare our new images with X-ray and
optical images, and list new features seen for the first time in radio
images.

3.1.1 Centre and radius calculation

We used the Minkowski tensor analysis tool BANANA® (Collischon
et al. 2021) to determine the centre of expansion. This tool searches
for filaments and calculates normal lines and line density maps. For
a perfect shell, all lines should meet at the centre position inside
the SNR, where the expansion must have started (see Collischon
et al. 2021, for more details). Since real sources deviate from this
ideal picture, we circumvented this problem by smoothing the line
density map using a circle with a diameter of 40 pixels. We then
took the centre position of the pixel where the line density was the
highest. Using the same method, we performed the tensor analysis
separately for the 5500 MHz, 9000 MHz, and Chandra broad-band
images. From this, we calculated the mean centre position and the
1o uncertainty of the mean. The resulting calculated centre is RA
(J2000) = 01"0402.23°, Dec (J2000) = —72°01'53”06 with an
uncertainty of ~0.91arcsec. This is ~1.5arcsec (~0.4pc at the
distance of 60kpc) north-west from the previous estimation of RA
(J2000) = 01"04"02.48*, Dec (J2000) = —72°01'53792, having
a lo uncertainty of 1.77 arcsec (Banovetz et al. 2021). The latter

“https://github.com/ccollischon/banana
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Figure 2. Images of SNR E0102 with 5500 MHz contours overlaid (top) and 9000 MHz contours overlaid (bottom). The contour levels are from 200 to 1000
wybeam™! at increments of 200 Wy beam~'. Left: ATCA intensity image at 5500 MHz (top) and 9000 MHz (bottom). The white circles on the lower left
corner represent a synthesized beam of 2 x 2 arcsec?. Middle: Broadband Chandra X-ray images. Right: HST [O ] filter images (Blair et al. 2000).

was derived from HST observations of the proper motion of optical
ejecta. Therefore, our calculated position agrees well with previous
estimates, within uncertainties.

To estimate the radio continuum radius of E0102, we used
the MIRIAD task CGSLICE to plot 16 equispaced radial profiles in
22.5° segments around the remnant at 5500 MHz. Each profile is
30arcsec in length (Fig. 3). We divide the remnant into four equal
regions: south-west (profiles 1-5), south-east (profiles 5-9), north-
east (profiles 9-13), and north-west (profiles 13-1) (Fig. 3A). We
identified the cut-off as the point where each profile intersects the
outer contour line (30 ATCA image contour or 200 pJy beam™!
at 5500 MHz). These cut-offs are represented as dashed vertical
lines (see Figs 3B-E). The thick black vertical lines represent the
average of the cut-offs in each region. The resulting radii vary from
23.7 £ 01.7 arcsec (6.9 £ 0.5 pc) towards the south-west (Fig. 3B) to
20.9 £ 02.1 arcsec towards the south-east (6.1 &= 0.6 pc; Fig. 3C) and
20.0 £ 0.9 arcsec (5.8 £ 0.3 pc) towards the north-east (Fig. 3D)
to 20.9 &+ 0.4 (6.1 £ 0.1pc) towards the north-west (Fig. 3E)
with an average of 21.4 £ 01.3 arcsec (6.2 &+ 0.4 pc) for the entire
SNR.

Using the same methodology we estimate the X-ray radii based on
the Chandra image (Fig. 4). The radii vary from 21.1 £ 01.3 arcsec
(6.1 = 0.4 pc) towards the south-west (Fig. 4B) to 18.6 4 0.4 arcsec
(5.4 £0.1 pc) towards the south-east (Fig. 4C) and 20.7 £ 01.1 arcsec
(6.0 & 0.3 pc) towards the north-east (Fig. 4D) to 21.7 £ 0.4 arcsec
(6.3 £ 0.1 pc) towards the north-west (Fig. 4E) with an average of
20.5 = 0.8 arcsec (5.1 = 0.2 pc).

3.1.2 Radio versus X-ray versus optical

A comparison of our new ATCA data (Section 2.1) with the Chandra
X-ray image (Section 2.3) and optical HST image (Section 2.4)
reveals that the radio/X-ray maximum does not correlate well, while
there is no apparent correlation with optical emission either. In the
similar age Galactic SNR VelaJr (G266.2—-1.2), Stupar et al. (2005)
and Maxted et al. (2018) observed the opposite, where radio emission
is trailing behind the X-ray emission.

Fig. 5 (left) shows radio emission extends beyond X-ray emission,
as it most likely traces the forward shock while X-ray emission could
be a tracer of reverse shocked gas (Gaetz et al. 2000). Further, some
of the radio profiles (e.g. 2, 6, 8) show secondary peaks offset towards
the centre of the remnant. These second peaks, however, have a larger
radius than the X-ray emission, indicating a second radio ring in parts
of the remnant that can be associated with the amplified magnetic
field that is expected at the contact-discontinuity (CD) between the
shocked ejecta and shocked ISM (Jun & Norman 1996; Zirakashvili

etal. 2014).
Interestingly, we note that the [Fe XIv] emission is sandwiched

between radio and X-ray emission (see Fig. 5, right). We suggest
we see two phases of clumpy medium: the forward shock (a fast
blast wave of a few 1000kms~") and denser parts of circumstellar
medium (CSM)/ISM (where the blast wave is driving slower cloud
shocks). The [Fe X1v] emission is coming from shocks with velocities
around 340 kms~' (Vogt et al. 2017). It takes some finite time for
the shocked material in the denser clumps to be ionized behind the
cloud shock giving us the iron lines we see; during that time the blast
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Figure 3. Estimate of the radio continuum radius of E0102 at 5500 MHz. A: Radial profiles around the remnant from the centre (see Section 3.1) overlaid on the
30 ATCA image contour (200 pJy beam™~!) at 5500 MHz. The central position of the remnant is RA (J2000) = 01"04™02.35%, Dec (J2000) = —72°01'52/11.
B, C, D, and E: Radial profiles. The dashed vertical lines represent profile cut-offs and the thick black vertical lines represent the average of the cut-offs (in
arcsec) for different parts of the shell; south-west, south-east, and north-east, and north-west, respectively.

wave has already raced ahead, placing spatial separation between the
two emitting regions. The two bright sources near the centre of the
remnant and all point sources in the field are stars (Fig. 5, right).

3.1.3 Bridge like structure

We note a striking similarity of a ‘bridge-like structure’ feature
between our 5500 MHz (ATCA) and the Chandra image, which
projects from the centre of the remnant and connects to the south-west
side of the E0102 ring. However, it is comparatively less prominent

MNRAS 527, 1444-1460 (2024)

in HST image (see Fig. 2, upper panel). This feature is not detected at
9000 MHz and is likely the result of interactions with an interstellar
cloud seen in Spitzer and Herschel data and similar to that seen in
LMC SNR N49 (Otsuka et al. 2010). This structure was not seen in
4790 MHz image reported by Amy & Ball (1993).

3.1.4 Central region

Another interesting feature that we detect exclusively in our
9000 MHz image is a horizontal bridge or bar-like feature in the
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Figure 4. Estimate of X-ray radius of E0102. (A) Radial profiles overlaid on 36 Chandra broadband X-ray image contour (6 x 10~ counts pixel~'s~!). The
central position of the remnant is RA (J2000) = 01"0402.40%, Dec (J2000) = —72°01'53742. (B-E) Radial profiles. The dashed vertical lines represent profile
cut-offs and the thick black vertical lines represent the average of the cut-offs (in arcsec) for different parts of the shell; south-west, south-east, north-east, and

north-west, respectively.

central region with a measured flux density of 4.3 mly. This
feature is prominent across the interior of the SNR starting at the
Eastern shell going almost all the way to the Western shell (see
Fig. 2, lower panel). The fact that this structure is observed across
multiple array configurations with the ATCA, and on different dates,
suggests this to be a real and interesting additional feature. This
structure was not seen in the previous 8640 MHz observations, likely
due to lower sensitivity and poor uv converge. We are unable to
conclusively deduce its true nature due to the limited sensitivity
of our images at 9000 MHz. Possible explanations may include
a pulsar wind nebula (PWN) or jet-like features from a runaway
pulsar. Further observations are required to draw any definitive
conclusions.

3.2 Spectral index

The radio spectrum of an SNR can often be described as a pure
power-law of frequency: S, o v¥, where S, is the flux density, v is
the frequency, and « is the spectral index.

We used the MIRIAD (Sault, Teuben & Wright 1995) task IMFIT
to extract a total integrated flux density from all available radio
continuum observations of SNR E0102 listed in Table 2!°. This

10Note that the flux density measurements for some images were also used
in the Maggi et al. (2019) spectral index plot that is based on flux density
measurements as explained in this section.
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Figure 5. Red-Green-Blue (RGB) image of the E0102 SNR, with the key printed in the upper right-hand corner. Left: Our 5500 MHz ATCA data are in red,
the HST image ([O 1] filter) in green (Blair et al. 2000), and the Chandra broadband image is in blue. Right: 5500 MHz ATCA data are in red, the smoothed
MUSE image ([Fe X1v]) in green (Vogt et al. 2017), and the Chandra broadband image is in blue.

includes observations from the Murchison Widefield Array (MWA,
For et al. 2018), MOST (Clarke, Little & Mills 1976; Turtle et al.
1998), ASKAP, ATCA (Filipovié¢ et al. 2002) and ALMA. We
measured the MWA flux density for each sub-band (76-227 MHz)
and we also re-measured the ASKAP flux density at 1320 MHz
from Joseph et al. (2019). For cross-checking and consistency, we
used AEGEAN (Hancock, Trott & Hurley-Walker 2018) and found no
significant difference in integrated flux density estimates. Namely, we
measured E0102 local background noise (1o07) and carefully selected
the exact area of the SNR which also excludes all obvious unrelated
point sources. We then estimated the sum of all brightnesses above
5o of each individual pixel within that area and converted it to SNR
integrated flux density following Findlay (1966, equation 24). We
also estimate that the corresponding radio flux density errors are
below 10 per cent as examined in our previous work (Filipovi¢ et al.
2022; Bozzetto et al. 2023). In this estimate, various contributions to
the flux density error are considered including missing short spacings.
While for weaker sources this uncertainty is more proclaimed, for
brighter objects such as our SNR E0102, the flux density error is
much smaller (<10 per cent).

In Fig. 6 we present the flux density versus frequency graph
for E0102. The relative errors are used for the error bars on a
logarithmic plot. The best power-law weighted least-squares fit is
shown (thick black line), with the spatially integrated spectral index
(o) = —0.61 £ 0.01"" which is somewhat flattened compared to the
value of o = —0.7 reported in the previous study of Amy & Ball
(1993), and consistent with the value of the similar aged LMC SNR
N 132D of —0.65 + 0.04 (Bozzetto et al. 2017).

3.2.1 Spectral index image

We produced a spectral index map for E0102 using 2100, 5500 and
9000 MHz images (Fig. 7). To do this, the images were re-gridded
to the finest image pixel size (0.3 x 0.3 arcsec?) using the MIRIAD
task REGRID. These were smoothed to the lowest data resolution

"We did not use ALMA flux in the fit as it is affected from missing short
spacings.
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(2.7 x 2.6 arcsec?) using the MIRIAD task CONVOL. The MIRIAD task
MATHS then created the spectral index map (Fig. 7).

The mean value of the spectral index across the entire SNR is
—0.54 £ 0.11. Most areas near the circumference (see Fig. 7) have a
steep spectral index (¢ = —0.6) at both inner and outer radii, while
indices with flat gradients are found at intermediate radii (@« = —0.1).
The north-east region is different in that there is no steepening at the
largest radii but near zero gradients. The radio emission is brightest in
the north-east with a close match between brighter emission and near
zero spectral gradients. The fractional polarization (see Section 3.3)
shown in Fig. 8 is not well correlated with areas exhibiting steeper
spectral indices.

We suggest that we are seeing a geometrical projection effect. The
radio emission comes from the forward shock region with higher
energy electrons (with larger diffusion length) spread over a wider
range in radius. This yields a flattened radio spectra further from
the shock. The radio emission is also sensitive to the strength and
orientation of the magnetic field, so SNRs tend to have patchy radio
emission (more so than the X-ray emission). This is seen in radio
images of most Galactic SNRs (e.g. see the radio images posted
on SNRcat'?, Ferrand & Safi-Harb 2012) where they consist of
partial shells or filaments. Adding this patchiness at different radii,
we see the whole thing in projection on the sky. If the centre of
a bright patch happens to be on the projected SNR’s rim, the flat
spectral index region can be seen distinctly. But in most cases the
bright patch, although on the surface of the 3D SNR, will not be on
the rim so we see a combination of flat and steep spectral indices
along the line of sight. For E0102 the brightest patch (north-east)
happens to be nearly perfectly perpendicular to our line-of-sight,
which would be a rare occurrence among SNRs. Finally, there
are steeper spectral index regions (—1.0 < o < —0.8) towards
the south-west and east SNR ring in the so-called SNR break-out
regions similar to those seen in MCSNR 0455-6838 (Crawford et al.
2008).

2http://snrcat.physics.umanitoba.ca/d3/SNRmap/index.php
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Table 2. E0102 flux density measurements used in this study (see Fig. 6).
The asterisk (*) indicates that we re-measured this flux density. Note that the
flux density values for the spectral index plot shown in (Maggi et al. 2019)
are based on measurements as explained in Section 3.2.

v Sy Telescope Reference

(MHz) dy)

76 1.327 MWA This work

84 1.281 MWA This work

88 1.386 MWA This work

92 1.261 MWA This work

99 1.179 MWA This work

107 1.305 MWA This work

115 1.152 MWA This work

118 1.161 MWA This work

122 1.138 MWA This work

130 1.121 MWA This work

143 1.087 MWA This work

151 1.074 MWA This work

155 0.937 MWA This work

158 1.026 MWA This work

166 1.004 MWA This work

174 0.939 MWA This work

181 0.993 MWA This work

189 0.915 MWA This work

197 0.903 MWA This work

200 0.790 MWA This work

204 0.885 MWA This work

212 0.868 MWA This work

220 0.888 MWA This work

227 0.857 MWA This work

408 0.650 MOST Maggi et al. (2019)
843 0.396 MOST Maggi et al. (2019)
960 0.402 ASKAP Joseph et al. (2019)
1320 0.317* ASKAP Joseph et al. (2019)
1420 0.273 ATCA Maggi et al. (2019)
2100 0.220 ATCA This work

2370 0.195 ATCA Maggi et al. (2019)
4790 0.112 ATCA Amy & Ball (1993)
4800 0.114 ATCA Maggi et al. (2019)
5500 0.131 ATCA This work

8640 0.082 ATCA Maggi et al. (2019)
9000 0.083 ATCA This work

16700 0.050 ATCA Maggi et al. (2019)
108 000 0.009 ALMA This work
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Figure 6. Radio continuum spectrum of E0102.

ATCA study of SMC SNR E0102 1451

30" L |

w0 L

50" |

DEC (J2000)

02'00" -

-0.8

-7202'20" |- e

. .
1B4™g® 6 4 2° 4m0° 58°
RA (J2000)

Figure 7. Spectral index map of E0102 (ATCA 2100, 5500, and 9000 MHz
images with 9000 MHz contour lines overlaid). The contour levels are the
same as Fig. 2. The colour bar on the right-hand side represents the gradients
of the spectral index.

3.3 Polarization

The fractional polarization (P) can be calculated using the equation:

\/So + S0
p=Y-_ ()]
Sy
where P is the mean fractional polarization; Sy, Sy, and S; are
intensities for the Q, U, and I Stoke parameters, respectively.

We used the MIRIAD task IMPOL to produce polarization maps.
The fractional polarization from E0102 appears prominent at both
5500 MHz and 9000 MHz towards the north-east and north-west
of the SNR, due to interactions with the local ISM. The west
and south-west remnant both show slight polarization. The po-
larization vector maps at both 5500 MHz and 9000 MHz are pre-
sented in Fig. 8 as well as the polarization intensity maps at each
frequency.

We estimate a mean fractional polarization of 7 & 1 percent at
5500MHz and 12 + 2 percent at 9000 MHz, with a peak value
at the centre of the bright north-eastern shell of 9 & 1 percent
and 26 £+ 6 percent, respectively. The fractional polarization
of E0102 is somewhat higher than the 4 percent (4790 MHz)
(Dickel & Milne 1995) value of similar age (~2500yr; Law et al.
2020) oxygen-rich LMC SNR N 132D. We did not detect any
significant polarization towards the bridge-like structure and the
central region, with upper limits of 2 and 4 persent for 5500 and
9000 MHz, respectively. This lack of polarization argues against a
PWN scenario for this emission, as PWNs are typically associated
with strong polarization (e.g. Haberl et al. 2012; Brantseg et al.
2014).

3.4 Rotation measure

One way to estimate the line-of-sight magnetic field in the direction
of E0102 is by finding its rotation measure (RM) using Q and U
maps at 5500 and 9000 MHz, convolved to a common resolution of
4 arcsec.

MNRAS 527, 1444-1460 (2024)
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Figure 8. Fractional polarization vectors of E0102 overlaid on intensity ATCA image at 5500 MHz (upper left) and at 9000 MHz (upper right). The blue circle
in the lower left corner represent a synthesized beam of 5 x 5 arcsec? and the blue line below the circle represents 100 per cent polarization. The bar on the right
side represents the greyscale gradients for the ATCA images in Jy beam™!. Polarization intensity maps of E0102 at 5500 MHz (bottom left) and at 9000 MHz
(bottom right) with intensity image contour lines overlaid. The contour levels are 0.001, 0.002, 0.003, and 0.004 Jy beam™! for both images. The colour bar

represents gradients of polarization intensity in Jy beam™!.

The rotation measure is defined as the slope of the observed
position angle (¢) as a function of wavelength (1) squared:

ey _ 4202
da?

, @

To calculate the RM and intrinsic polarization angle maps we used the
program RMCALC from the DRAO export software package (Higgs,
Hoffmann & Willis 1997).

The final RM map is shown in Fig. 9. We only calculated RM where
the signal-to-noise ratio in the polarized intensity maps was at least
100 at both frequencies. We notice that all RM values are positive,
with a maximum of almost 1000 4= 25 rad m~2 at the outer edge of the
bright north-eastern shell and a minimum of about Orad m~? at the
bottom of the SNR. One striking feature is a RM gradient along the

MNRAS 527, 1444-1460 (2024)

bright shell in the north-east, which could indicate the expansion into
a homogenous interstellar magnetic field (Kothes & Brown 2009).
The foreground contribution of the MW is about + 23radm™2
according to Mao et al. (2008), based on a RM study of polarized
background sources that are behind the SMC. Contributions from
inside the SMC are not clear as the latest study of the SMC’s internal
magnetic field structure (Livingston et al. 2022) did not have any
samples in the area around E0102. They found slightly more negative
than positive RMs, and most of those sources are in positive and
negative clusters.

Once the RM has been determined, we next rotated the polarization
vectors back to their intrinsic (zero wavelength) values. In Fig. 9 we
have added an additional 90° to the intrinsic electric vectors, so
the vectors represent the magnetic-field directions in the remnant
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Figure 9. Top: RM map calculated between the observations at 5500 MHz and 9000 MHz with overlaid contours of total power (left) and polarized intensity
(right) at 5500 MHz. Bottom: Images of total power (left) and polarized intensity (right) with overlaid vectors in B-field direction, corrected for Faraday rotation.

projected to the plane of the sky. In the shell of E0102, we find
segments with tangential and radial magnetic fields, representing
later and earlier phases of evolution, respectively. Most striking
is the tangential magnetic field related to the prominent north-
eastern part of the SNR’s shell, where we also found the RM
gradient.

3.5 Magnetic fields in E0102

Observed rotation measure can help better understand the line-
of-sight magnetic field in the direction of E0102. Useful to this
discussion is first exploring an independent method known as
equipartition or minimum-energy. This method uses modelling and
simple parameters to estimate intrinsic magnetic field strength and
energy contained in the magnetic field and cosmic ray particles using

radio synchrotron emission'? (Arbutina et al. 2012, 2013; Urosevié,
Pavlovié¢ & Arbutina 2018).

This approach is a purely analytical method, described as an order
of magnitude estimate because of errors in determination of distance,
angular diameter, spectral index, a filling factor, and flux density,
tailored especially for the magnetic field strength in SNRs. Arbutina
et al. (2012, 2013); Urosevié, Pavlovi¢ & Arbutina (2018) present
two models; the difference is composition of assumed cosmic ray
particles. In their original ‘k 7 0’ model, where « is a constant in
the power-law energy distributions for electrons, cosmic rays are
assumed to be composed of electrons, protons and ions. Their ‘« =
0’ model assume cosmic rays composed of electrons only. Urosevié,

Bhttp://poincare.matf.bg.ac.rs/~arbo/eqp
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Pavlovi¢ and Arbutina (2018) showed the latter type of equipartition
is superior to the former.

Using the UroSevié, Pavlovi¢ and Arbutina (2018) model'*, the
mean equipartition field over the whole E0102 remnant is 65 + 5 uG,
with an estimated minimum energy of Epi, = 1 x 10% erg. (The
original model, cited in Arbutina et al. (2012), yields a mean
equipartition field of 150 & 5 uG, with an estimated minimum energy
of Epin =5 x 10 erg.)

To estimate the line-of-sight magnetic field, we use rotation
measure and assume the polarization angle changes linearly as a
function of wavelength squared. The following equation may be
used to estimate the magnetic field of E0102'3:

0 0
RM:O.BI/ n,B-dl = 0.81 / neBydl [radm?], 3)
L L

where 7, is the electron density in cm™, By is the line-of-sight
magnetic field strength in uG, and dl represents the path length
along the Faraday rotating medium in parsecs.

We concentrate our study on the bright shell in the north-east
(top left) of the SNR as it seems to be the most evolved. The
magnetic field, corrected for Faraday rotation, is tangential to the
shell. This is an indication that the swept-up ambient magnetic
field is dominating the uniform magnetic field and synchrotron
emission, which also indicates the swept-up material is dominating
the hydrodynamics and may have just entered the Sedov phase. We
determined (Section 3.1.1) that the radius of the SNR in this region is
5.8 pc, the lowest value; another indicator this area is most developed.
To determine the compression ratio of the SNR in this region, we
estimated the radial distance from the radio ridge to the edge of the
SNR. Using this and the radius, we measure a compression ratio of
3.7, supporting the Sedov phase since our compression ratio estimate
is near 4 (Sedov 1959).

Kothes & Brown (2009) modelled radio polarization observations
of an SNR expanding inside a homogenous medium. We plotted our
rotation measure along the bright polarized intensity ridge of the
north-east shell in Fig. 10. The rotation measure observed from the
SNR’s radio shell is dominated by the magnetic field in the nearby
part of the SNR. In this nearby part, one side the magnetic field
is coming towards us and the other is pointing away from us. If the
ambient magnetic field is only in the plane of the sky (i.e. has no line-
of-sight component) we should find a RM of 0 in the centre, negative
on one side and positive on the other. The centre RM can be affected
by the foreground RM (~ + 23 rad m~2 as noted in Section 3.4), the
angle between the plane of the sky, and the ambient magnetic field.
In this case, we can determine that the ambient uniform magnetic
field is pointing towards us, and is pointing from the bottom left to
the top right as the RM is positive but decreasing along the same
direction. It only requires a small rotation angle to have all RMs
in the positive or the negative on the shell. We fitted the gradient
with a linear function, also shown in Fig. 10. The resulting RM in the
centreis +531 & 5 rad m~2, corrected for the foreground contribution
of the MW. The contribution of the SMC is unclear as we stated
in Section 3.4. At the bright ridge on the SNR’s shell, located at
the inner edge, the line-of-sight through the emission region is the

14We use: @ = 0.61, 6 = 0.36arcmin, k = 0, Ssspomuz = 0.131Jy, and f
=0.84.

I5Following Burn (1966), this equation is known as the Faraday depth. If we
assume there is only one source along the line of sight, which has no internal
Faraday rotation, the Faraday depth approximates the rotation measure at all
wavelengths (Brentjens & de Bruyn 2005).
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Figure 10. Rotation measure along the ridge of the bright shell in the north-
east. The centre is at the peak in polarized intensity. The negative offset is to
the lower left and the positive offset is to the upper right. The offset is given
in pc (bottom) and in a fraction of the SNR’s radius (top). The green line
indicates a linear fit to the gradient.

longest. With a radius of 5.8 pc and a compression ratio of 3.7, this
line-of-sight should be 5.3 pc. In the shell of the SNR, synchrotron
emitting and Faraday rotating plasmas are intermixed. Therefore, the
synchrotron emission generated at the back of the SNR sees the entire
RM and the emission generated at the front sees no RM. If all the
parameters, as synchrotron emissivity, magnetic field strength and
angle, and electron density are approximately constant along the line
of sight through the SNR shell and the polarized emission is Faraday
thin, the RM seen by a background source is twice the value observed
(Burn 1966). Using equation (3), with RM = 2 x 531rad m2 =
1062radm~2, dl = 5.3 pc, and electron density n, = 14.8 cm™> for
the post-shock gas (Vogt et al. 2017), the magnetic field strength of
the uniform component inside the shell parallel to the line-of-sight
is B =16.7uG.

We can assume the intrinsic percentage polarization of the SNR’s
synchrotron emission through the spectral index to be 71 per cent
(Le Roux 1961). In the shell of the SNR, where the synchrotron
emitting and Faraday rotating plasmas are intermixed, a high rotation
measure (as we measured) causes depolarization even at such a
high frequency. According to Sokoloff et al. (1998), the RM value
we found in the middle of the shell, would reduce the percentage
polarization from 71 percent to 55.7 per cent. But, in the centre of
the shell, we observe a 15 per cent linear polarization. This additional
depolarization is caused by random fluctuations of the magnetic field
(Burn 1966). From this depolarization, we estimate the ratio between
the uniform and random components of the magnetic field. This high
depolarization here requires a random magnetic field component
of 27.5uG, using the above calculated 16.7 uG as the uniform
component. In this case, we would have a total magnetic field in
the shell of ~44 uG. The uncertainty in magnetic field strength
remains undetermined, primarily due to it being a combination of
the uncertainties associated with the RM and electron density, with
the electron density’s uncertainty being unquantified.
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Figure 11. Velocity channel map of HI towards E0102 obtained from the ASKAP (Pingel et al. 2022). Each panel shows the HI intensity distribution integrated
every 3.9kms~! in a velocity range from 188.5 to 153.3kms~!. Our 5500 MHz ATCA image has been overlaid on top with contours levels as per Fig. 2. The
grey circle and colour bar on the bottom right panel represent a synthesized beam of 30 x 30 arcsec? and gradients of HI in Kkms ™, respectively. A bar for

physical size on the sky is shown.

This of course only takes the line-of-sight component of the
magnetic field into account. To achieve the magnetic field strengths
estimated through equipartition, we require an angle of 38° between
the plane of the sky and the ambient magnetic field for ~65 uG'°,

16For the original egipartition model, an angle of 17°, given a field strength of
~150 uG, would be required extrapolating to a total ambient magnetic field
strength of 10.8 uG when correcting for compression.

containing a uniform magnetic field of 24.7 nG, after scaling 16.7 nG
as given above. Correcting for compression, we can extrapolate a
total ambient magnetic field strength of the uniform components to
5.1 uG. Here, we cannot simply apply the linear compression ratio of
3.7, as the magnetic field is not only compressed but also enhanced.
The ‘magnetic field lines’ are frozen into the plasma of the expanding
shell and therefore also stretched out around the perimeter of the
SNR, which increases the magnetic energy (Whiteoak & Gardner
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Figure 12. (A) HI integrated velocity intensity map towards E0102, where
the integration velocity range is from 160.1 to 168.9kms~!. Our 5500 MHz
image is overlaid with intensity levels as per Fig. 2. (B) Position—velocity
diagram of H1 with Declination —72°01'42”9 to —72°02/02"1. The dashed
curve delineates a possible expanding gas motion (see text).

1968). This leads to a combined compression and enhancement of
4.8.

3.6 H1/CO morphology

The E0102 SNR region was mapped in Hi using ASKAP from Pingel
et al. (2022); these velocity channel maps are shown in Fig. 11,
with our 5500 MHz image overlaid. HI emission is visible in the
velocity range of ~160-180kms~'. There appears to be a cavity-
like structure forming near the location of E0102 in the velocity range
165.0-168.9km s~ ! (see Fig. 12A). A large cloud is seen at ~170—
180kms~! in the north at Dec >—72°02’, which then transitions
to a cloud in the west at ~160—-175kms~'(RA < 01"04™). Those
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Figure 13. Peak temperature map of '>CO (J = 2-1) line emission towards
E0102 obtained from ALMA. Our ATCA 5500 MHz image is overlaid in
contours, with levels as per Fig. 2. In the upper right-hand corner, the ALMA
synthesized beam and a bar representing physical size on the sky is shown,
while a colour bar at the bottom indicates CO gradients in K.

emission regions are most likely connected at the velocities around
E0102. The boundary of HI appears along the radio shell, especially
towards the south-west.

The HI distribution in the velocity space has unique features.
Fig. 12 (B) shows the position—velocity (p—v) diagram of HIi. We
found a cavity-like structure of HI, whose size is roughly three
times larger than the diameter of the SNR shell. We propose a
possible scenario that the cavity-like structures in both the spatial
distribution and p—v diagram correspond to a wind-blown bubble
that was formed by strong stellar winds from a high-mass progenitor
of E0102 and is now partially interacting with an inner wall of the
HI cavity. The observational signature is similar to HI studies of
core-collapse SNRs in the SMC (DEM S5, Alsaberi et al. 2019b;
RXJ0046.5 — 7308, Sano et al. 2019b). However, more data are
required to draw definitive conclusions regarding this scenario, in
particular, further HI observations at higher angular resolutions.

Multi-J CO observations could also give better insight into the
nature of E0102. Fig. 13 shows the peak temperature map of the
12CO (J = 2-1) emission line obtained with ALMA (Tokuda et al.
2021). Although several CO clumps are detected within the field of
view shown in Fig. 11, we find no dense CO clumps towards the radio
continuum shell of E0102, suggesting it is interacting with only the
Hi clouds.

4 DISCUSSION

Our new radio continuum and polarization study of E0102 reveal
typical characteristics of a young SNR. We found a low integrated
linear polarization which indicates a high degree of turbulence. The
total radio-continuum spectrum is rather steep which is also found in
other young SNRs (see Table 3) and we found areas of radial magnetic
fields typically seen in younger remnants. In this section, we discuss
our results in relation to E0102’s environment and magnetic field
comparing them to other young SNRs.

€202 19qWaAoN (g U Jasn O LS| - SUND AQ 147 LEEL /P L/ L1 L2G/9101ME/Selul/wod dno-dlwapede//:sd)y wody papeojumod



ATCA study of SMC SNR E0102 1457

Table 3. Comparison of E0102 with young SNRs (<1000yr) in the MW and LMC. SN type is denoted by CC—Core-Collapse, and TN—Thermonuclear
(type Ia). Magnetic field strength for the molecular cloud associated with the SNR is marked with an asterisk (*) and magnetic field strength estimation using

equipartition is marked with an double asterisk (**).

Name Host SN Age Diameter Spectral Index Avg. P P, Mag. Field X gnz(X% 10720y
Galaxy ~Type ) (pe) (o) (PER CENT)  (MHz) (uG)  (Wm™2Hz 'srh)
E0102 SMC CC ~1738! ~13 —0.61 £ 0.01 7+ 1/124+2  5500/9000 654 5** 9.17
10624-6948 LMC TN? 22002 47.5% —0.54 + 0.082 <9? 55002 — 0.01542
N49 LMC CC ~4800° 18.2% —0.56 + 0.03* 4.8 8640° 91.2%* 16*
N 132D LMC CC ~2500° 24.54 —0.65 4+ 0.04* 47 47907 2.17 27.94
N63A LMC CC 3500 + 15008 17.8* —0.740 £ 0.0028 5+1° 55007 80 — 180%* 18.74
1987 A LMC CC 34 0.4* —0.810 2.7 +£02"1 22000 ~2811 13700*
N 103B LMC TN 380 — 860'2 6.8* ~—0.75"3 g+ 113 55003 0.03 —82.113 60'3
J0509-6731 LMC TN ~310™ 7.415 —0.7310 ~2610 550013 ~12815%* 5.724
LHG 26 LMC TN ~6001° 8.316 ~—0.5417 ~8l7 55007 ~ 17117 6.09%
Cas A MW  CC 32518 ~519 —0.77%0 452 19000%! 78019 1145.27%2
G19+03 MW  CC? ~120% 4% —0.81 +0.02% 620 550026 ~27320%% 6.7%3
G266.2-1.2 MW  CC 2400 — 5100%7 23.60 + 0.06*8 ~—0.3%8 — — 6 —10% 0.05%2
Tycho MW TN 45130 3.5 —7.2% —0.583! 20 — 302 48723 50 — 400% 13.17%2
SN1006 MW TN 10173 ~193 —0.6%! ~17% 1400% 30 — 4036 0.3222
Kepler MW TN 419%7 8.18%7 —0.643! ~638 483538 ~41439%% 31.782%
G112 -03 MW  CC 163640+ 6.0 —0.56%! ~242 32000% — 20.73!1
G29.7-0.3 MW  CC ~480% 5.0 —0.63 £ 0.02% <1% 26954 — 16.73!

Notes. References: (1) Banovetz et al. (2021), (2) Filipovi¢ et al. (2022), (3) Park et al. (2012), (4) Bozzetto et al. (2017), (5) Dickel & Milne (1998), (6) Law
et al. (2020), (7) Dickel & Milne (1995), (8) Warren, Hughes & Slane (2003), (9) Sano et al. (2019a), (10) Zanardo et al. (2013), (11) Zanardo et al. (2018),
(12) Rest et al. (2005), (13) Alsaberi et al. (2019a), (14) Roper et al. (2018), (15) Bozzetto et al. (2014), (16) Borkowski et al. (2006), (17) Bozzetto et al.
(2012), (18) Fesen et al. (2006), (19) Arias et al. (2018), (20) DeLaney et al. (2014), (21) Mayer & Hollinger (1968), (22) Vukoti¢ et al. (2019), (23) Luken
et al. (2020), (24) Pavlovi¢ (2017), (25) Reynolds et al. (2008), (26) De Horta et al. (2014), (27) Allen et al. (2015), (28) Maxted et al. (2018), (29) Kishishita,
Hiraga & Uchiyama (2013), (30) Hughes (2000), (31) Green (2014), (32) Dickel, van Breugel & Strom (1991), (33) Tran et al. (2015), (34) Winkler, Gupta &
Long (2003), (35) Reynoso, Hughes & Moffett (2013), (36) Vink (2006), (37) Patnaude et al. (2012), (38) DeLaney et al. (2002), (39) Arbutina et al. (2012),
(40) Clark & Stephenson (1977), (41) Tam, Roberts & Kaspi (2002), (42) Kothes & Reich (2001), (43) Reynolds, Borkowski & Gwynne (2018), (44) Sun et al.

(2011), (45) Duncan et al. (1999).

tNote that Zhou et al. (2018) argue that SNR G7.7-3.7 is more likely SN from 386CE.

4.1 The environment of E0102

Our study of HI line emission surrounding E0102 (Section 3.6)
reveals the possibility of a stellar wind bubble; a closer look at
the structure of this SNR’s environment is therefore warranted. The
measurements of Vogt et al. (2017) indicate a pre-shock density
of ng 4 £ 1ecm™3 (ny ~ 7.4 £ 1.5 cm™>) surrounding E0102,
based on [FeX1v] and [Fex1] [O 1] measurements. This density,
however, appears high given typical densities of about 0.02 cm™>
(Weaver et al. 1977) in such wind-bubbles and would indicate that
the SNR-shock has reached the ISM. Taking 7.4 cm™ as the pre-
shock density and using ry, = 56n; %3 pc (McKee, van Buren &
Lazareff 1984) to calculate the wind-bubble size, one finds ry, >
30pc, which is almost five times the radius of E0102. Further,
the expansion rate derived by Vogt et al. (2017) differs strongly
from the rate derived by Xi et al. (2019). A possible explanation
is that Vogt et al. (2017) measured the downstream density and
obtained an upstream density by assuming the canonical shock
compression-ratio of ~4. In general, the [Fe X1v] and [Fe X1] emis-
sions are not associated with the outer-most regions of E0102.
Hence, the emission can be an imprint of a previous interaction
of the SNR-blastwave with a dense structure in the progenitor’s
wind, breaking the simple relation between up- and downstream
density. Massive stars undergo different stages of evolution, and
depending on their ZAMS-mass, winds get crushed by stronger winds
of subsequent evolutionary stages. Shell-like features can emerge as
a consequence and influence the following SNR evolution as shown
for a massive progenitor with a crushed LBV-shell in Das et al.
(2022). There is evidence that interaction with such a dense and
asymmetric shell in the case of Cassiopeia A is responsible for

the observed expansion dynamics of that remnant (Orlando et al.
2022).

Given the possible presence of a dense shell in the progenitor’s
wind, it is likely that E0102 has already entered the Sedov-phase as
suggested by Xi et al. (2019). However, the structure of wind-bubbles
also featured a transition between the free-expanding wind, where
o o< 2, and a shocked wind with roughly constant density. Further
detailed modelling of the apparently complex environment of E0102
is beyond the scope of this paper.

4.2 Comparison with other young SNRs

Insight into our results for E0102 is compared to the broader
SNR population by listing properties (e.g. size, spectral index and
polarization) with other young SNRs (<1000 yrs) in the MW and
LMC (Table 3).

4.2.1 Diameter

The diameter of SNRs from our selected sample varies from 0.4 pc
for the youngest (1987 A; 36 yr) to ~23 pc for the oldest (G266.2—
1.2; 2400-5100 yr). Although N 132D and E0102 have similar ages
(~2000yr), N 132D is nearly twice the diameter. Perhaps this is
related to the radio surface brightness at 1 GHz (¥, gy, for N 132D
is 279 x 1002 Wm=2Hz !'sr~! (Bozzetto et al. 2017) versus
9.7 x 10722 Wm~2Hz ! sr! for E0102, see Table 3). Typically one
would expect a remnant with a higher ambient density to be brighter
(and smaller), but a higher explosion energy could cause a SNR
to be larger and brighter at the same age. The diameters for bright
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LMC SNRs N 49 and N 63A are ~18 pc which is comparable to the
diameter of E0102. Selected type la (thermonuclear) SNRs (N 103B,
J0509-6731, LHG 26, and Kepler) are slightly younger, which may
account for their smaller diameters (7-8 pc). The youngest SNRs
from our sample (Cas A, G1.9 + 0.3 and Tycho) display smaller
diameters, ~5 pc, as they have not yet expanded as far as their older
counterparts. Various factors such as the composition of the ambient
medium, explosion energy, and age all play an important role in the
diameter of SNRs.

4.2.2 Spectral index

E0102 has a spectral index (o) within the range of SNRs listed in
Table 3, although there is a slight trend for older SNRs to have
shallower values (Bozzetto et al. 2017; Filipovi¢ et al. 2022). The
spectral index for E0102, o = —0.61 £ 0.01, is similar to that of
N 132D, Kepler, and Tycho (see values and references in Table 3
which suggest a similar evolutionary phase). Other radio spectral
indices vary from —0.81 in the youngest Galactic SNR (G1.9 + 0.3)
to —0.3 in the oldest (G266.2-1.2) as expected (see e.g. UroSevié
2014, for review).

4.2.3 Polarization and magnetic field

The mean fractional polarization of SNRs varies as a function of age.
Young SNR fractional polarization can be as high as ~20 per cent,
while older ones may have twice that value (Dickel & Jones
1990)'7 Values of well-studied SNRs within the LMC, as shown
in Table 3, vary from 3 to ~26 per cent. Since E0102 has fractional
polarizations of 7 & 1 and 12 =2 per cent (at 5500 and 9000 MHz,
respectively), we suggest its age and evolutionary phase (and possibly
environmental conditions) are typical of this population.

MW SNRs also show disparity in values of fractional polarization
(P). P for the youngest Galactic SNR (G1.9 + 0.3) is very low
(6 percent) compared with Tycho (20-30 percent) and SN 1006
(17 percent). This diversity of P may be due to the difference in
ambient density and SNR age, as well as observational effects due
to various radio telescope configurations. Fractional polarization
significantly changes with frequency because of Faraday rotation,
which affects lower frequencies much more than higher frequencies.
These issues make P comparison difficult.

We estimate the line-of-sight magnetic field strength of E0102 is
~44 1G, which is higher than the value of the same age SNR N 132D
(Table 3). However, the equipartition field of E0102 is 65 + 5 uG,
similar to the N 49 value of 91.2 puG. Interestingly, Cas A, an oxygen-
rich SNR in the MW, shows a high magnetic field strength value of
780 uG (Arias et al. 2018) due to the low value of P, indicative of a
highly turbulent magnetic field (Vink 2020). Similar behaviour can
be seen in other MW SNRs (see Table 3).

4.2.4 Surface brightness and luminosity

The surface brightness (X,gn,) for all SNRs used here for com-
parison shows, as expected, a variety of intensities. While, SNR
1987A displays a high % g, of 13700 x 10722 Wm2Hz ! sr~!
as it is the youngest Local Group SNR, recently discovered in-
tergalactic SNR J0624-6948 is barely detectable with a gy, of

TFor example, the Vela SNR has a fractional polarization >40 per cent
(Milne 1995).
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0.0154 x 1072 Wm=2Hz ' sr~!. We note Cas A also has quite a
high value ¥ g, of 1145.27 x 1072° W m=2Hz ! sr~! (Table 3).

Comparing a previous X-D diagram (Pavlovi¢ et al. 2018;
Urosevi¢ 2020, 2022, their fig. 3) and our values, D = ~13 pc and
Sicas = 9.17 x 10022 Wm=2Hz ' sr~! for E0102 (see Table 3),
E0102 is in the middle of their ¥—D diagram. This is consistent with
a Sedov phase having a dense ambient density of ny = 0.5 cm™>.

Finally, we note that E0102 has a L; g, '® of 1.4 x 107 WHz ™!,
which is less than the values of some LMC SNRs (N49 and
N63A), while similar age N 132D shows a much higher value
(15.7 x 107 WHz ™). The MW SNRs have less L gy, than E0102,
apart from Cas A which shows a high value of 36.1 x 107 WHz!.
Therefore, E0102 has a L gy, less than many young LMC SNRs but
greater than most young SNRs in the MW.

5 CONCLUSIONS

SNR E0102 is a young SNR located in the SMC with properties
including spectral index and luminosity consistent with young SNRs
in the MW and LMC. Our new radio continuum images of E0102
show aring morphology and bridge-like structure seen in both optical
and X-ray images. Our new images also show a central feature that
lacks any significant polarization towards it suggesting that the origin
is not a PWN. We find that the remnant’s radio emission extends
beyond its X-ray emission tracing a forward and reverse shock with
[Fe XIV] emission sandwiched between possibly representing denser
ionized clumps. The remnant shows polarized regions in its shell and
it was possible to obtain a rotation measure and estimate its magnetic
field. Comparison with theoretical intrinsic magnetic field estimates
and location on a ¥ — D diagram of comparable SNRs are constant
with it in or entering its Sadov phase with a high ambient density.
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